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7KH YDOXHV RI 5VT UHSUHVHQW WKH FRQILGHQFH OHYHO RI UHJUHVVLRQ ,Q WKH SUHVHQW FDVH WKH5 VT YDOXHV RI VSDWWHU
GHSRVLWLRQ DUHD HQWUDQFH FLUFXODULW\ KROH GLDPHWHU DQG WDSHU DQJOH LQGLFDWHV WKH JRRG FRUUHODWLRQ EHWZHHQ
H[SHULPHQWDOSDUDPHWHUVDQGUHVSRQVHV
 2SWLPL]DWLRQRI'ULOOLQJ3DUDPHWHUVXVLQJ*UH\5HODWLRQDO$QDO\VLV*5$
,QJUH\UHODWLRQDODQDO\VLVGDWDSURFHVVLQJZDVILUVWSHUIRUPHGLQRUGHUWRQRUPDOL]HWKHH[SHULPHQWDOUHVXOWVLQWKH
UDQJH EHWZHHQ ]HUR DQG XQLW\ µ/RZHU WKH EHWWHU¶ FRQGLWLRQZDV FRQVLGHUHG IRU VSDWWHU GHSRVLWLRQ DUHD DQG WDSHU
DQJOHµ1RPLQDO WKHEHWWHU¶FRQGLWLRQZDVFRQVLGHUHGIRUWKHHQWUDQFHFLUFXODULW\HQWUDQFHDQGH[LWKROHGLDPHWHU
7KH JUH\ UHODWLRQDO FRHIILFLHQWV DUH FDOFXODWHG WR H[SUHVV WKH UHODWLRQVKLS EHWZHHQ WKH LGHDO EHVW DQG DFWXDO
H[SHULPHQWDOUHVXOWV7KHJUH\UHODWLRQDOFRHIILFLHQW ȟL N LV H[SUHVVHG WKURXJK(TXDWLRQ
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7DEOH$YHUDJHJUDGHRI*UH\UHODWLRQFRHIILFLHQWV
([SW QR /DVHU3RZHU: )UHTXHQF\+] $VVLVW*DV3UHVVXUHEDU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 5HVXOWVDQG'LVFXVVLRQ
,QIOXHQFHRI/DVHU3DUDPHWHUVRQ6SDWWHU'HSRVLWLRQ$UHD
'XULQJ&2 ODVHUGULOOLQJSURFHVVPLQLPL]DWLRQRIVSDWWHUDUHDLVKLJKO\QHHGHGLQRUGHUWRPDLQWDLQWKHTXDOLW\DQG
DFFXUDF\RIWKHKROH)URP$129$UHVXOWVRIVSDWWHUDUHDSUHVHQWHGLQ7DEOH  ODVHUSRZHUZDVIRXQGWREHWKH
VLJQLILFDQWIDFWRULQIOXHQFLQJVSDWWHUDUHDVLQFH)FDO ZDVJUHDWHUWKDQ)WDE IRUODVHUSRZHU 7KH RSWLPL]DWLRQUHVXOWVIRU
WKHPLQLPXP6SDWWHUDUHDEDVHGRQWKH560GHYHORSHG LVDVVKRZQLQ)LJXUH
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7KH VSDWWHU DUHD LQFUHDVHG ZLWK LQFUHDVLQJ ODVHU SRZHU DQG UHPDLQHG FRQVWDQW ZLWK IUHTXHQF\ 7KLV LV PDLQO\
EHFDXVHDWKLJKHU ODVHUSRZHUGXH WRKLJKHUYDSRXUSUHVVXUH WKHPDWHULDO LVHMHFWHGDVZHOODV WUDQVSRUWHGIXUWKHU
IURPWKHGULOOHG]RQH E\JHQHUDWLQJKLJKHUVSDWWHUDUHD$WKLJKHUIUHTXHQFLHV WKHSXOVHJDSEHFRPHVVKRUWHUWKDQ
WLPH UHTXLUHG IRU IUHH PDWHULDO HMHFWLRQ WKHUHE\ GHFUHDVLQJ WKH LQWHUDFWLRQ EHWZHHQ WKH ODVHU EHDP DQG HMHFWHG
PDWHULDO7KLVUHVXOWVLQORZHUVSDWWHUGHSRVLWLRQDURXQGWKHKROH >'.</RZ HWDO @ 7KHPLFURVFRSLFYLHZ
RIODVHUGULOOHGKROHZLWKPLQLPXPVSDWWHUGHSRVLWLRQDUHDLVDVVKRZQLQ)LJXUH
)LJXUH5602SWLPL]DWLRQUHVXOWVIRUVSDWWHUGHSRVLWLRQDUHD
)LJXUH  0LFURVFRSLFYLHZRIODVHUGULOOHGKROHZLWKPLQLPXPVSDWWHUGHSRVLWLRQDUHD
,QIOXHQFHRI/DVHU3DUDPHWHUVRQ(QWUDQFH&LUFXODULW\
'XULQJ &2 ODVHU GULOOLQJ SURFHVV QRPLQDOL]DWLRQ RI HQWUDQFH FLUFXODULW\ ZDV UHTXLUHG LQ RUGHU WR DFKLHYH JRRG
TXDOLW\KROH)URP$129$UHVXOWVRIHQWUDQFHFLUFXODULW\SUHVHQWHGLQ7DEOH DVVLVWJDVSUHVVXUH ZDV IRXQGWREH
WKH VLJQLILFDQW IDFWRU LQIOXHQFLQJ HQWUDQFH FLUFXODULW\ VLQFH )FDO ZDV JUHDWHU WKDQ )WDE YDOXH )LJXUH  VKRZV WKH
RSWLPL]DWLRQUHVXOWVIRUWKHQRPLQDOHQWUDQFHFLUFXODULW\EDVHGRQWKH560GHYHORSHG7KHRSWLPL]DWLRQSORWUHIOHFWV
WKDWWKHHQWUDQFHFLUFXODULW\KDVLQFUHDVHGZLWKLQFUHDVLQJDVVLVWJDVSUHVVXUH%HFDXVHDWKLJKHUJDVSUHVVXUHZKHQ
WKH ODVHU EHDP LPSLQJHV WKHPDWHULDO LQFUHDVHV WKHPDWHULDO UHPRYDO XQLIRUPO\ DURXQG WKH SHULSKHU\ RI WKH KROH
WKHUHE\LQFUHDVLQJWKHHQWUDQFHFLUFXODULW\ >0*KRUHLVKL HWDO @
1012   A. Bharatish et al. /  Procedia Materials Science  5 ( 2014 )  1005 – 1014 
)LJXUH  2SWLPL]DWLRQUHVXOWVIRUHQWUDQFHFLUFXODULW\
,QIOXHQFHRI/DVHU3DUDPHWHUVRQ(QWUDQFH'LDPHWHU
)URP$129$UHVXOWVRIHQWUDQFHGLDPHWHUSUHVHQWHGLQ7DEOH DVVLVWJDVSUHVVXUHZHUHIRXQGWREHWKHVLJQLILFDQW
IDFWRUVLQFH)FDO ZDVJUHDWHUWKDQ)WDE 7KHRSWLPL]DWLRQUHVXOWVIRUWKHQRPLQDOHQWUDQFHGLDPHWHUEDVHGRQWKH560
GHYHORSHG LVDVVKRZQLQ)LJXUH 7KHSORWUHIOHFWVWKDWWKHHQWUDQFHGLDPHWHULQFUHDVHVZLWKLQFUHDVLQJODVHUSRZHU
DQG LQFUHDVLQJ DVVLVW JDV SUHVVXUH %HFDXVH DW KLJKHU DVVLVW JDV SUHVVXUH ZKHQ WKH ODVHU EHDP LPSLQJHV RQ WKH
PDWHULDOLQFUHDVHVWKHPDWHULDOUHPRYDO UDWH DURXQGWKHSHULSKHU\RIWKHKROHE\LQFUHDVLQJWKHHQWUDQFHGLDPHWHU
$W KLJKHU ODVHU SRZHU GXH WR KLJKHU YDSRXU SUHVVXUH WKH PDWHULDO LV HMHFWHG DV ZHOO DV WUDQVSRUWHG IXUWKHU E\
SURGXFLQJ KLJKHUHQWUDQFHGLDPHWHU >'.</RZ HWDO  0*KRUHLVKL HWDO @
)LJXUH  2SWLPL]DWLRQUHVXOWVIRU(QWUDQFHGLDPHWHU
,QIOXHQFHRI/DVHU3DUDPHWHUVRQ([LW'LDPHWHU
)URP$129$UHVXOWVRIH[LWGLDPHWHUSUHVHQWHGLQ7DEOH ODVHUSRZHUDQGDVVLVWJDV SUHVVXUHVZHUH IRXQGWREH
WKHVLJQLILFDQWIDFWRUV LQIOXHQFLQJH[LWGLDPHWHU 7KHRSWLPL]DWLRQUHVXOWVIRUWKHQRPLQDOH[LWGLDPHWHUEDVHGRQWKH
560 GHYHORSHG LV DV VKRZQ LQ )LJXUH  7KH RSWLPL]DWLRQ SORW UHIOHFWV WKDW WKH H[LW GLDPHWHU LQFUHDVHV ZLWK
LQFUHDVLQJ ODVHU SRZHU DQG DVVLVW JDV SUHVVXUH7KLVZDVPDLQO\ EHFDXVH DIWHU WKH ODVHU EHDPEUHDNV WKURXJK WKH
PDWHULDOWKHHIIHFWRIWKHSHDNSRZHUZKLFKUHVXOWVLQJUHDWHUHQHUJ\SXOVHKDVPRUHHIIHFWRQWKHKROHH[LWWKDQWKH
KROHHQWUDQFH>'LSDN.'DVHWDO%KDUDWLVK$HWDO @
)LJXUH  2SWLPL]DWLRQUHVXOWVIRU([LW'LDPHWHU
,QIOXHQFHRI/DVHU3DUDPHWHUVRQ7DSHU
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)URP$129$UHVXOWVRIWDSHUDQJOHSUHVHQWHGLQ7DEOH $VVLVWJDVSUHVVXUHZDVIRXQGWREHWKHVLJQLILFDQWIDFWRU
LQIOXHQFLQJ WDSHU DQJOH )LJXUH  VKRZV WKH RSWLPL]DWLRQ UHVXOWV IRU WKH PLQLPXP WDSHU EDVHG RQ WKH 560
GHYHORSHG 7KH RSWLPL]DWLRQ SORW UHIOHFWV WKDW WKH WDSHU LQFUHDVHV ZLWK LQFUHDVH LQ DVVLVW JDV SUHVVXUH DQG ODVHU
SRZHU7KLVZDVPDLQO\EHFDXVHDWKLJKHU ODVHUSRZHU DFFXPXODWLRQRIKHDWHQHUJ\FDXVHVJUHDWHUHURVLRQDW WKH
KROHHQWUDQFH WKDQ WKHKROHH[LWZKLFKUHVXOWV LQKLJKHU WDSHUDQJOH >0*KRUHLVKL HWDO @ +LJKHUDVVLVWJDV
SUHVVXUHFDXVHVWKHKLJKHUGLVVLSDWLRQUDWHRI WKHUPDOHQHUJ\DW WKHKROHHQWUDQFH ZKLFKJUDGXDOO\GHFUHDVHVDORQJ
WKHWKLFNQHVVRIWKHZRUSLHFHUHVXOWLQJLQKLJKHUWDSHU8VLQJ0,1,7$%VRIWZDUHIRURSWLPL]DWLRQRIODVHUGULOOLQJ
RQ 7%& FRDWHG WLWDQLXP  VXEVWUDWH PLQLPXP WDSHU DQJOH KDV EHHQ REWDLQHG DV  ZKHQ WKH ODVHU SRZHU
IUHTXHQF\DQGDVVLVWJDVSUHVVXUHDUHVHWDWRSWLPDOSDUDPHWULFVHWWLQJLH: N+]DQGEDUUHVSHFWLYHO\
)LJXUH  2SWLPL]DWLRQUHVXOWVIRU7DSHU
)LJXUH  0LFURVFRSLFYLHZRIWKHPLFURGULOOHGKROHZLWKPLQLPXPWDSHU
 &RQFOXVLRQV
/DVHUPLFURGULOOLQJRI<6=FRDWHG WLWDQLXPVXEVWUDWHHPSOR\LQJN:&2 ODVHUZDVXQGHUWDNHQWRLQYHVWLJDWHWKH
LQIOXHQFH RIODVHUSRZHUIUHTXHQF\DQGDVVLVWJDVSUHVVXUHWRLQYHVWLJDWHWKHLULQIOXHQFHRQVSDWWHUGHSRVLWLRQDUHD
HQWUDQFHFLUFXODULW\HQWUDQFHDQGH[LWKROHGLDPHWHUDQGWDSHUDQJOH7KH$129$RIH[SHULPHQWDOUHVXOWVLQGLFDWHG
WKDW WKH VSDWWHU GHSRVLWLRQ DUHD ZDV VLJQLILFDQWO\ LQIOXHQFHG E\ ODVHU SRZHU HQWUDQFH FLUFXODULW\ DQG HQWUDQFH
GLDPHWHUZDV LQIOXHQFHG E\ DVVLVW JDV SUHVVXUH H[LW GLDPHWHUZDV LQIOXHQFHG E\ ERWK ODVHU SRZHU DQG DVVLVW JDV
SUHVVXUHDQGWDSHUDQJOHZDVLQIOXHQFHGE\DVVLVWJDVSUHVVXUH 7KHPXOWLSOHUHJUHVVLRQPRGHOVGHYHORSHGIRUTXDOLW\
FKDUDFWHULVWLFVLQGLFDWHGSHUIHFWFRUHODWLRQEHWZHHQODVHUSDUDPHWHUVDQGPHDVXUHGUHVSRQVHVWKURXJK5VTYDOXHV
0XOWL REMHFWLYH RSWLPL]DWLRQ WKURXJK *5$ LQGLFDWHG WKDW PLQLPXP VSDWWHU GHSRVLWLRQ PP QRPLQDO
HQWUDQFHFLUFXODULW\HQWUDQFHKROHGLDPHWHUPPH[LWKROHGLDPHWHUDQGPLQLPXPWDSHUDQJOH
FRXOGEHDFKLHYHGDW:ODVHUSRZHUN+]IUHTXHQF\DQGEDUDVVLVWJDVSUHVVXUH
1014   A. Bharatish et al. /  Procedia Materials Science  5 ( 2014 )  1005 – 1014 
$FNQRZOHGJHPHQWV
)LQDQFLDOVXSSRUWIRUWKHSUHVHQWUHVHDUFKZDVSURYLGHGE\9LVLRQ*URXSRQ 6FLHQFHDQG7HFKQRORJ\*RYHUQDPHQW
RI.DUQDWDND7KHDXWKRUVH[SUHVV WKHLUJUDWLWXGH WR'U6$QDQWK5DM IRUXVHIXOGLVFXVVLRQVDQGYDOXDEOHVXSSRUW
7KHDXWKRUVDOVRWKDQN0U+DUVKDG0DJRG/DVHU0DFKLQLQJ3YW/WGIRUKLVWHFKQLFDOVXSSRUW
5HIHUHQFHV
'LSDN.'DV7UHVD03ROORFN )HPWRVHFRQGODVHUPDFKLQLQJRIFRROLQJKROHVLQWKHUPDOEDUULHUFRDWHG&06;VXSHUDOOR\ -RXUQDORI
0DWHULDOV3URFHVVLQJ7HFKQRORJ\ 
$&RUFRUDQ /6H[WRQ %VHDPDQ 35D\Q*%\PH  7KH ODVHU GULOOLQJ RIPXOWL OD\HU DHURVSDFHPDWHULDO V\VWHP -RXUQDO RIPDWHULDOV
SURFHVVLQJWHFKQRORJ\
+. 6H]HU / /LD0 6FKPLGWD $- 3LQNHUWRQD %$QGHUVRQE 3:LOOLDPV  (IIHFW RI EHDP DQJOH RQ+$= UHFDVW DQG R[LGH OD\HU
FKDUDFWHULVWLFVLQODVHUGULOOLQJRI7%&QLFNHOVXSHUDOOR\V,QWHUQDWLRQDO-RXUQDORI0DFKLQH7RROV	0DQXIDFWXUH±
-.DPDOX3%\UG$3LWPDQ 9DULDEOHDQJOHODVHUGULOOLQJRIWKHUPDOEDUULHUFRDWHGQLPRQLF-RXUQDORI0DWHULDOVSURFHVVLQJWHFKQRORJ\

+.6H]HU//L 0HFKDQLVPVRI$FXWH$QJOH/DVHU'ULOOLQJ,QGXFHG7KHUPDO%DUULHU&RDWLQJ'HODPLQDWLRQ-RXUQDORI0DQXIDFWXULQJ
6FLHQFHDQG(QJLQHHULQJ 
'.'DV-30FGRQDOG60<DOLVRYH703ROODFN )HPWRVHFRQGSXOVH ODVHUGDPDJHFKDUDFWHULVWLFVRI<2=U2 7KHUPDOEDUULHU
FRDWLQJ-RXUQDORIDSSOLHGSK\VLFV $
+.6H]HU //L6/HLJK 7ZLQJDVMHWDVVLVWHGODVHUGULOOLQJWKURXJKWKHUPDOEDUULHUFRDWHGQLFNHODOOR\VXEVWUDWHV,QWHUQDWLRQDO-RXUQDO
RI0DFKLQH7RROV	0DQXIDFWXUH ±
-*XUDXVNLV'6ROD-,3HQD902UHUD /DVHUGULOOLQJRI1L<6=FHUPHWV-RXUQDORIWKH(XURSHDQ&HUDPLF6RFLHW\  
'.</RZ / /L $* &RUIH 3-%\UG  6SDWWHUIUHH ODVHU SHUFXVVLRQ GULOOLQJ RI FORVHO\ VSDFHG DUUD\ KROHV ,QWHUQDWLRQDO -RXUQDO RI
0DFKLQH7RRO	0DQXIDFWXUH
0*KRUHLVKL'.</RZ//L &RPSDUDWLYHVWDWLVWLFDODQDO\VLVRIKROHWDSHUDQGFLUFXODULW\LQODVHUSHUFXVVLRQGULOOLQJ,QWHUQDWLRQDO
-RXUQDORI7RROV	0DQXIDFWXUH 
$%KDUDWLVK+11DUDVLPKD0XUWK\%$QDQG&'0DGKXVRRGDQD*63UDYHHQD0.ULVKQD  &KDUDFWHUL]DWLRQ RI KROH FLUFXODULW\ DQG
KHDWDIIHFWHG]RQHLQSXOVHG&2ODVHUGULOOLQJRI DOXPLQDFHUDPLFV 2SWLFV	/DVHU7HFKQRORJ\ ±
